Cisplatin (CDDP) is one of the most effective broad-spectrum anticancer drugs, which has been employed for the treatment of lung cancer. The development of CDDP resistance is a major problem of tumor chemotherapy. MicroRNAs (miRNAs) are an abundant class of small nonprotein-coding RNAs, involved in the initiation and progression of human cancer. Increasing evidence has shown that dysregulation of miRNAs is involved in chemo resistance of tumor cells to anti-cancer drugs, including CDDP. This article summarizes current research involving miRNAs as regulators of key target genes for CDDP resistance in lung cancer. Potential use of targeting miRNAs can lead to miRNA-based therapies, which will be helpful for overcoming drug resistance and developing more effective personalized anti-cancer treatment strategies in human lung cancers.
Introduction
Lung cancer account for about 13% of total cancer diagnoses and is the first cause of cancer-related death [1] . In terms of clinically and tumor genetics, lung cancer can be divided into small cell carcinoma (SCLC) and non-small cell carcinoma (NSCLC) [2] . Despite huge progresses have been achieved in lung cancer treatment, platinum agents remain an important component of chemotherapy for all stages of lung cancer. CDDP-based adjuvant chemotherapy has been established, because it can improve 5-years the survival rate in completely resected NSCLC tumors [3] . Meanwhile, CDDP-based treatment is also the golden standard for SCLC therapy, which cannot be overstepped by any chemotherapeutic strategies or newer cytotoxic agents [4] . CDDP is a well-known DNA-damaging cytotoxic agent, and it is currently thought that DNA platination is an essential first step in its cytotoxic activity. Once CDDP enters cells, platinum-DNA adducts are formed and the signals activate apoptotic pathway [5] . In recent years, much progress made in the treatment of lung cancer, CDDPbased chemotherapy also plays an important role. Unfortunately, the development of chemo resistance has inhibited curative effect in lung cancer [6] .
CDDP resistance is such a significant clinical challenge in lung cancer patients. Therefore, it is necessary to elucidate the molecular mechanisms involved in CDDP resistance so as to overcome such resistance and develop novel, more efficacious treatments for lung cancer patients. Ultimately, molecular factors inducing resistance do so by inhibiting propagation of the DNA damage signal to the apoptotic machinery. Apoptotic inhibitor molecules, such as secretory clusterin (sCLU) and Akt, increase cellar resistance when overexpression [7] .
The cytotoxic effects of CDDP on cells include multiple progresses, which contribute to complex chemo resistance mechanisms, such as drug transport, drug metabolism, DNA repair, cell survival, and apoptosis [5] . Acquired resistance to CDDP, an issue in cancer chemotherapy, has been demonstrated as a multifactorial nature [8] . CDDP-resistance can be induced by alterations to a huge number of intracellular pathways, where miRNAs play a vital role. MiRNAs, a family of non-coding RNAs with a length of 18-23 nucleotides, function by regulating gene expression via sequence-specific targeting of mRNAs [9] . The mature miRNAs and RNA-induced silencing complex (RISC) combined into RISC-miRNA complex to target mRNA, causes the degradation of mRNA and reduction of related function proteins expression. Also, miRNAs might bind to protein factors required for translation or alter mRNA secondary structure, inhibiting protein translation [10] . Experimental and clinical studies have revealed that miRNAs can function as tumor suppressor genes or oncogenes during the process of lung cancer development. For example, low expression of miR-409-3p is correlated with poorer tumor differentiation [11] . MiRNAs such as miR-138 and miR-4782-3p may inhibit proliferation of NSCLC cells in vitro, and their overexpression is associated with favorable prognosis in NSCLC patients [12, 13] . On the contrary, low expression of miR-4500 was demonstrated to favor tumor growth via targeting LIN28B and NRAS in NSCLC [14] . And, methylation-silencing of miR-9-3 and miR-193a may be a vital epigenetic mechanisms promoting lung cancer cell growth [15] . Mir-30c, another prognostic indicator associated with poor survival of patients, is reported to control lung cancer invasion through regulating MTA1 in NSCLC [16] . To date, there are numerous research findings alluding to miRNAs and their influence on the sensitivity of CDDP-based chemotherapy of lung cancer cells. It is demonstrated that a single miRNA can affect the expression of a wide variety of proteins [17] . Therefore, the ability of miRNAs to modulate the sensitivity of cancer cells to chemotherapy via post-transcriptionally regulating multiple target genes highlights the potential of manipulating relevant miRNAs to overcome chemo resistance in clinic.
Targeting dysregulated miRNAs may be a promising strategy for improving therapeutic efficiency or forecasting the responses of lung cancer patients to CDDP-based chemotherapy [9, 17] (Fig. 1) . In this review, we provide an overview on the roles of miRNAs in the development of CDDP resistance in lung cancer.
CDDP regulates miRNA expression

CDDP regulates miRNA transcription
Modulation of the transcription of miRNA primary transcripts (pri-miRNAs) represents a major site at which the expression of mature miRNAs can be regulated [9] . Thus, transcription of pri-miRNAs can be subject to regulation by elements of the DDR (DNA damage response) pathway in the same manner as protein-coding genes following CDDP treatment.
The mediation of p53 in the cellular toxic effects of CDDP is a direct consequence of DNA damage. CDDP preferentially activates the two kinases ATM (ataxia telangiectasia mutated protein) and ATR (ATM-and Rad3-related protein), which phosphorylates p53 to initiate activation of the p53 protein and then leads to checkpoint activation. Interestingly, CDDP also activates CHK2, which is a downstream target of ATM, but the effect of CDDP on CHK2 appears to be independent of ATM [3] . Also, ATM is reported to be involved in phosphorylation of p53 in early stage of DNA damage response [18] . ATM is activated within minutes after DNA double-strand break, and then phosphorylates MDM2 on multiple sites near its RING domain, causing selective inhibition of p53 poly-ubiquitination [19] . Recently, miR-34a has been found to be a direct transcriptional target of p53 [20] . For example, Wang et al. indicated that miR-34a was transcriptionally regulated by the tumor suppressor p53 in lung adenocarcinoma cell line (A549). In lung cancer cells treated with CDDP, miR-34a inhibits the cell growth through reducing the expression of its downstream target silent information regulator 1 (Sirt1) [21] . Meanwhile, the inhibition of SIRT1 by miR-34 family could lead to an increase in acetylated p53 and expression of p21 and PUMA, transcriptional targets of p53 which regulate the cell cycle and apoptosis [22] . Likewise, another member of miR-34 family, miR-34c, is demonstrated as a direct effector of p53 and its ectopic expression causes cell-cycle arrest [23] .
In another study, Donzelli et al. showed that p53R175H, a hotspot p53 mutant, induces miRNA-128-2 expression in vitro. Mutant p53 binds to the putative promoter of miR128-2 host gene, ARPP21, determining a concomitant induction of ARPP21 mRNA and miR-128-2. MiR-128-2 expression in lung cancer cells inhibits apoptosis and confers the increased resistance to CDDP treatments. At the molecular level, miR-128-2 post-transcriptionally targets E2F5 and leads to the abrogation of its repressive activity on p21waf1 transcription. p21waf1 protein localizes to the cytoplasmic compartment, where it exerts an anti-apoptotic effect by preventing pro-caspase-3 cleavage [24] (Fig. 2) .
CDDP regulates miRNA processing
The biogenesis of miRNA is a multistep process, and each of these steps is potentially subjected to regulation, which can be regulated by DNA damage. Transcription factor E2F1 is a member of the E2F family of transcription factors, which plays a crucial role in the control of cell cycle and action of tumor suppressor proteins. E2F1, as a DNA damage responsive transcription factor, can also regulate some downstream target genes responsible for checkpoint activation, DNA repair, and apoptosis, participating in maintaining genomic integrity under DNA damage stress [24, 25] . In CDDP-treated cells, E2F1 over-expression could up-regulate DROSHA mRNA and protein expression, which was accompanied by an increase of mature miR-630 rather than pri-miR-630, suggesting that E2F1 can enhance miR-630 biosynthesis under CDDP exposure through promoting DROSHA-mediated primiR-630 processing [25] . MiR-630 inhibits cell proliferation by targeting cell-cycle kinase 7 (CDC7), but maintains the apoptotic balance by targeting multiple activators of apoptosis under genotoxic stress. On the one hand, miR-630 promotes apoptosis via blocking CDC7-mediated initiation of DNA synthesis; on the other hand, it reduces apoptosis by targeting several other apoptotic modulators such as PARP3, DDIT4, EP300 and EP300 downstream effector p53, thereby maintaining the apoptotic balance [26] .
Cispltain-related targets of miRNA
MiRNAs involved in cell cycle control of CDDP Cell cycle inhibition, currently being tested in clinical trials, might be antagonistic to CDDP and other cytotoxic drugs. Cyclin-dependent kinase, comprised of a catalytic Cdk subunit and a regulatory cyclin subunit, control cell cycle transition. Cyclin-Cdk is unique in each phase of cell cycle. Cyclin E can regulate the transit of cells from quiescence into S phase via activating Cdk2. Moreover, cyclin E has been found as an important regulator of the rate limiting for S phase entry and required in G1 progression. As the downstream effector of many cancer-associated pathways, Cyclin E-Cdk2 is often deregulated in cancer cells, which likely contributes to the development of cancer. Thus, cyclin E may serve as a potential molecular target in cancer therapy [27] . MiR-25, as an oncogene, overexpresses in lung cancer including SCLC and NSCLC. In recent research, Zhao et al. found that miR-25 was overexpressed in both SCLC cells and tumor tissues, and further testified that miR-25 down regulation could lead to CDDP chemo resistance in SCLC cells via inducing G0/G1 cell cycle arrest by targeting cyclin E2 [28] .
Additionally, miRNAs which suppress G1/S cell cycle have been reported. CDK6, activated by D-type cyclin, is another miRNA target, and its expression can be reduced by miR-145 up regulation, which finally causes the inhibition of G1 progression, and antagonizes CDDP cytotoxicity [29] . Also, CDDP inhibits A549 cell growth by miR-98 regulating TP53 pathway [30] . TP53, as a checkpoint control protein that determines cellular fate upon DNA damages, can delay the progression of the cell cycle from G1 to S phase, thus allowing for repair of [31, 32] . The p21 WAF1/CIP1 gene, which encodes a cyclin-dependent kinase inhibitor, may be critical for tumor suppressor gene p53-induced cell cycle arrest. Wang and his colleagues reported that miR-224 promotes the chemo resistance of human lung adenocarcinoma cells to cisplatin via regulating G1/S transition and apoptosis by targeting p21 WAF1/CIP1 [33] .
MiRNAs involved in regulation of EMT
Epithelial-mesenchymal transition (EMT) is an essential developmental process by which cells get increased migratory behavior by the loss of epithelial characteristics and the acquisition of a mesenchymal phenotype [34] . Emerging evidence suggests that EMT plays a crucial role in tumor metastasis, where tumor cells undergo a change to a more dedifferentiated state to acquire their invasive phenotype [35] .
The miR-200 family has recently been shown to prevent EMT by suppressing the expression of ZEB1 and ZEB2, two transcriptional repressors of E-cadherin. E-cadherin expression has been proposed as a novel biomarker predicting the clinical activity of the EGFR inhibitor erlotinib in patients with NSCLC. It was also found that overexpression of miR-200c increases the sensitivity of bladder cancer to EGFR-inhibiting agents and restores the sensitivity of several types of cancer to antimicrotubule drugs. In CDDP-treated cells, the sensitizing effect of miR-200c transfection can be attributed to blockage of cell proliferation and induction of cancer cell death. The molecular mechanisms by which miR-200c regulates CDDP resistance of tumor cells are not well elucidated, and novel determinants of CDDP sensitivity (such as DNA repair enzymes or proteins with signaling transduction activity) specifically targeted by miR-200c could be potentially identified in future studies [35] . Overexpression of miRNA-17 family (miR-17, 20a and 20b) can not only decrease the sensitivity of CDDP but also reduce migration by reversing EMT phenotype in A549/DDP cells. These functions of miR-17, 20a, 20b may be caused at least in part via inhibition of TGF beta signal pathway, because those miRNAs are shown to directly target and repress TGFbeta receptor 2 (TGF beta R2) which is an important component of TGF beta signal pathway [36] . In another report, both miR-15b and miR-34a can regulate EMT and the response of lung adenocarcinoma cells to CDDP both in vitro and in vivo by targeting PEBP4 [37, 38] . Also, miR-27a can regulate EMT via direct and functional targeting Raf-1 kinase inhibitory protein (RKIP), which then affects the sensitivity of lung adenocarcinoma cells to CDDP both in vitro and in vivo [39] .
MiRNAs involved in regulation of drug transports
Previous studies have indicated that the decreased uptake of water-soluble drugs and enhanced drug efflux from cancer cells are the biochemical and cytological mechanisms cytological mechanisms of drug resistance in cancer cells. ATP-Binding Cassette (ABC), as a family of transmembrane, is important mediator of multidrug resistance (MDR) in patients with cancer. It is well known that ABC transporters can mediate the active efflux transport of a variety of structurally and mechanistically unrelated compounds across biological membranes of the cell and numerous organelles [40] . The ATP-binding cassette, sub-family B (MDR/TAP), member 9 (ABCB9), which is a transporter associated with antigen processinglike (TAPL), translocates a broad spectrum of peptides from the cytosol into the lumen of lysosomes [41] . A recent study has shown that miR-31 exerts an anti-apoptotic effect most likely through inhibition of ABCB9 and its expression inversely correlates with the expression of the drug resistance gene ABCB9. In CDDP-resistant NSCLC cells, overexpression of miR-31 could lead to the decreased level of ABCB9 protein, which induced the decreased uptake of CDDP and consequently the inhibition of CDDP-mediated apoptosis [42] . Another common form of chemo resistance is caused by activation of the MDR1 (ABCB1) gene, which can result in the overexpression of P-glycoprotein (P-gp). The up regulation of both miR-27a and miR-451 confer broad MDR to lung cancer cells through regulation of the expression of MDR1/P-glycoprotein [42] . Up-regulation of Let-7c sensitizes A549/DDP cells to CDDP by targeting ABCC2 [43] . Moreover, miR-10a, miR-106a and miR-134 can regulate different members of MDR to affect the responses of lung adenocarcinoma cells to CDDP [44] [45] [46] .
Recent studies have shown that copper transporters are also involved in the transport of platinum. As a P-type ATPase copper transporter, ATP7A is expressed in many tissues, which plays crucial role in the modulation of platinum-resistance. An ATP-dependent DDP transporting activity of ATP7A is responsible for the decreased DDP accumulation. In resistant cells, ATP7A may be a potential target of miR-495. Song et al. has demonstrated that miR-495 regulates the CDDP resistance by modulation of ATP7A expression in NSCLC cells. MiR-495 increases the intracellular CDDP accumulation and causes overexpression of ATP7A. Then, drug concentration reducing decreases the CDDP efficiency [47] . KIT, also named as CD117, is a transmembrane protein receptor encoded by the c-kit proto-oncogene, which can be targeted by miR-137 in H446/CDDP cells [48, 49] .
MiRNA involved in regulation of CDDP-induced survival and /or apoptosis pathways
The molecular mechanisms which underlie inhibition of apoptosis responsible for the acquired CDDP resistance includes loss of p53 function, reduced Fas expression, down regulation of Bax or Bad, up regulation of Bcl-2 or Bcl-xL, suppressed caspase-3 activity, HER-2/neu overexpression, enhanced activity of PI3K/Art, deregulated MAPK pathway, and so on [5] . A number of miRNAs have been reported to be involved in regulation of apoptosisrelated molecular signal pathways (Fig. 3) . For example, the effect of miR-24-3p on ATG4A occurred directly through its 3'-UTR region, and is the inhibition of cell proliferation and promotion of apoptosis [50] . Also, it was reported that enforced miR-135a/b expression reduced MCL1 protein level and sensitized A549/CDDP cells to CDDP [51] .
Members of the Bcl-2 family are key players in regulating apoptosis, comprise three subfamilies, which are named an anti-apoptotic family, pro-apoptotic multidomain family, and pro-apoptotic BH3-only protein family, respectively [52] . Bim is one of these BH3-only proteins and its up regulation triggers cytochrome c release from mitochondria, which consequentially induces a chain reaction that entails the formation of the apoptosome and the activation of its effector, caspase-9. Thus, Bim up regulation induces apoptosis [53] . MiR-192 is reported to bind to 3'-UTR of Bim mRNA and negatively regulates Bim expression at the post-transcriptional level in lung adenocarcinoma cells, leading to CDDP resistance [54] . Moreover, Let-7c directly interacts with the 3'UTR of Bcl-XL, which is an antiapoptotic protein, and down regulation of Let-7c increases the sensitivity of A549/DDP cells to DDP [55] . Down-regulation of miR-155 can reduce the expression of Bax and then enhance the sensitivity of A549 cells to CDDP treatment via modulating cellular apoptosis and DNA damage through an Apaf-1-mediated pathway [56] . Meanwhile, miR-503, miR-181a and has-miR-497 are also reported to modulate apoptosis via inhibiting Bcl-2 family protein expression [57, 58] .
MAPK subfamily members (p38, JNK, and ERK) are intimately associated with the mode of action of CDDP. MKK4 and MKK7, which are required for synergistic JNK activation, are the most common targets for cell death signaling in kinase cascade. Additionally, the activity of JNK is negatively regulated by a group of MAPK phosphatases of which MKP1 is the major JNK suppressor. Interestingly, CDDP induces MKP1 expression, which is assumed to be a cytoprotective response to CDDP in cancer cells. In the above mechanisms, RIP1 (Receptorinteracting protein 1) plays a vital role. A recent study showed that the expression of miR-940 was substantially increased in RIP1-knockdown cells, suggesting that RIP1 can release miR-940-mediated suppression of MKP1 expression to suppress JNK activation, attenuating the anticancer activity of CDDP in turn [59] .
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Phosphatase and tensin homologue (PTEN), which can be targeted by miR-21 or 92b, inactivates Akt signaling pathway through dephosphorylating phosphoinositide 3-phosphatase (PIP3) and acts as a negative regulator of PI3K/Akt signaling [60, 61] . PI3K/ Akt is also the subsequent downstream mediator of insulin-like growth factor receptors (IGFRs). High miR-139-5P expression is inversely correlated with low expression of insulinlike growth factor 1 receptor (IGF-1R). Inhibition of IGF-1R pathway can regulate the chemoresistance of NSCLC cell lines to CDDP treatment [62, 63] . The antiapoptotic signal may occur as a result of Akt-mediated phosphorylation of procaspase 9, which is then lead to the activation of casapase-3, the ultimate effector casapase. Another suppressor reported to drive apoptosis via activating the casapase-3 pathway is programmed cell death protein 4 (PDCD4). Both miR-21 and miR-182 contribute to the resistance of NSCLC cells to CDDP by target PDCD4 [64] . A recent study demonstrates that overexpression of PDCD4 can increase the sensitivity of cells to CDDP via regulating cell growth. Further research indicates that PDCD4 directly interacts with the DNA binding domain of Twist1, restraining its DNA binding ability and inhibiting Y-box binding protein-1(YB-1) expression [65] .
The nucleotide excision repair (NER) pathway is the primary repair pathway involved in repairing CDDP adducts, where ERCC1 is the most important component [66] . Recent studies have shown that the enforced increase of miR-138 levels down-regulates expression of ERCC1 and increases sensitivity of the drug-resistant lung cancer cells to CDDP by inducing apoptosis [67] .
Evidences suggest that DNA methyltransferases (DNMTs) can function as an important regulator for epigenetic processes of chemotherapy by regulating apoptosis. In a recent study, Sui' et al. showed a down-regulated of miR-148b expression and evaluated DNMTs expression in CDDP-resisted human NSCLC cell lines compared with their parental NSCLC to indicate that abnormal alterations of expression of miRNAs can be normalized by CT-PRFA, highlighting the possibility that combine CDDP-based chemotherapy and CT-PRFA to overcome drug resistance [70] . Due to the trait of miRNAs, it is possible to combine the CDDP-based chemotherapy with miRNA therapeutics to fight lung cancer more effectively. Moreover, the level of some microRNAs in tumor tissues or plasma, such as miR-25, miR-217 and miR-503, correlates with cell resistance to cisplatin [29, 71, 72] . Also, miRNA-21 was reported to be a biomarker predictive for platinum-based adjuvant chemotherapy response in patients with non-small cell lung cancer [73] . This potential ability to predict response to CDDP can help clinical doctors to adjust treatment timely and improve the survival rate of lung cancer. As miRNAs have the prospect to be an adjunct to lung cancer diagnosis and treatment in future, further studies are warranted to elucidate the roles of miRNAs in cellular processes related to CDDP-resistance of tumor cells. It is only a matter of time until miRNA-based therapies is proved to restore the sensitivity of tumor cells to some anticancer drugs including CDDP.
Over recent studies suggest that multiple miRNAs are correlated with development of CDDP resistance in tumor cells. It has been reported that the mechanisms of miRNA regulation include apoptosis, cell cycle, drug transport, or EMT-related signaling pathways, but the exact molecular mechanisms underlying the role of miRNAs in CDDP resistance remain unclear and need to be further elucidated. In this review, we discuss recent studies which demonstrate that miRNAs play a critical role in the regulation of CDDP resistance (Table 1) , and targeting specific miRNAs will be an emerging strategy to increase the efficacy of CDDP-based chemotherapy for lung cancer therapy. In the next five years, the molecular mechanisms of miRNAs involved in regulating each of the resistance phenotype will be better understood and miRNA therapeutics will be more promising in clinical applications. With the increasing number of publications in the field, miRNA-based chemotherapy will hold promise for significant improvements in lung cancer treatment on safety permits. It can be seen that in the near future, miRNAs are exciting molecular entities with the potential to overcome CDDP resistance and treat lung cancer more effectively in clinic.
